BACKGROUND: Historically, a reduced serum sodium concentration has been used to diagnose absorption of electrolyte-free irrigating fluid during transurethral resection of the prostate (TURP). In bipolar TURP, the irrigating solution contains electrolytes, thus invalidating the serum sodium method. In this study, we investigated whether glucose can be used to diagnose the absorption of irrigating fluid during TURP procedures. METHODS: The serum glucose and sodium concentrations were measured in 250 patients undergoing monopolar TURP using either 1.5% glycine or 5% glucose for urinary bladder irrigation. The glucose kinetics was analyzed in 10 volunteers receiving a 30-min infusion of 20 mL/kg of acetated Ringer's solution with 1% glucose. These data were then used in computer simulations of different absorption patterns that were summarized in a nomogram for the relationship between the glucose level and administered fluid volume. RESULTS: There was a statistically significant inverse linear relationship between the decrease in serum sodium and the increase in glucose levels after absorption of 5% glucose during TURP (r 2 ϭ 0.80). The glucose concentration increased, from 4.6 (sd 0.4) to 8.3 (0.9) mmol/L, during the experimental infusions. Regardless of the absorption pattern, all simulations indicated that the uptake of 1 L of fluid containing 1% glucose corresponded to an increase in the glucose level of 3.7 (sd 1.6) mmol/L at the end of surgery, whereas 2 L yielded an increase of 6.9 (1.7) mmol/L. CONCLUSIONS: In bipolar TURP, the addition of glucose to a concentration of 1% in the electrolyte-containing irrigation fluid can be used as a tracer of absorption that is comparable with measuring serum sodium after monopolar TURP.
BACKGROUND: Historically, a reduced serum sodium concentration has been used to diagnose absorption of electrolyte-free irrigating fluid during transurethral resection of the prostate (TURP). In bipolar TURP, the irrigating solution contains electrolytes, thus invalidating the serum sodium method. In this study, we investigated whether glucose can be used to diagnose the absorption of irrigating fluid during TURP procedures. METHODS: The serum glucose and sodium concentrations were measured in 250 patients undergoing monopolar TURP using either 1.5% glycine or 5% glucose for urinary bladder irrigation. The glucose kinetics was analyzed in 10 volunteers receiving a 30-min infusion of 20 mL/kg of acetated Ringer's solution with 1% glucose. These data were then used in computer simulations of different absorption patterns that were summarized in a nomogram for the relationship between the glucose level and administered fluid volume. RESULTS: There was a statistically significant inverse linear relationship between the decrease in serum sodium and the increase in glucose levels after absorption of 5% glucose during TURP (r 2 ϭ 0.80). The glucose concentration increased, from 4.6 (sd 0.4) to 8.3 (0.9) mmol/L, during the experimental infusions. Regardless of the absorption pattern, all simulations indicated that the uptake of 1 L of fluid containing 1% glucose corresponded to an increase in the glucose level of 3.7 (sd 1.6) mmol/L at the end of surgery, whereas 2 L yielded an increase of 6.9 (1.7) mmol/L. CONCLUSIONS: In bipolar TURP, the addition of glucose to a concentration of 1% in the electrolyte-containing irrigation fluid can be used as a tracer of absorption that is comparable with measuring serum sodium after monopolar TURP. Ri nsing the operating field during endoscopic procedures of the genitourinary tract entails a risk of irrigating fluid absorption. Absorption in excess of 3 L of electrolyte-free fluid causes symptoms summarized as the "transurethral resection (TUR) syndrome," which is a rare but potentially life-threatening complication that is best described after TUR of the prostate (TURP). [1] [2] [3] However, the syndrome is most often incomplete, corresponding to the absorption of between 1 and 2 L of irrigant and occurs in 5%-10% of TURPs performed. 4 -8 Early detection of fluid absorption can be made by measuring the exhaled breath concentration of either ethanol 4 -8 or nitrous oxide 9,10 that has been added as a tracer to the irrigating solution. Ethanol can be used as a tracer for absorption in bipolar TURP, but is not commercially available (unpublished data). One can also measure fluid output and input or on-table weighing of the patient, but these methods must be applied with great care to be reasonably accurate. 11, 12 In addition to these methods being cumbersome or unfamiliar, the relatively low frequency of a massive fluid absorption explains why fluid absorption is generally not monitored continuously during surgery. However, because the irrigants must be electrolytefree to allow monopolar electrocautery, the postoperative serum sodium concentration can be assessed to confirm or refute fluid absorption.
A new operating method using bipolar electrocautery has become available. 13 One of the claimed benefits is that 0.9% NaCl, which can be used for irrigation in this setting, prevents the hyponatremic component of the TUR syndrome. As a result, however, irrigating fluid absorption can no longer be confirmed by a decreased serum sodium concentration.
The objective of this study was to evaluate if 1% glucose added to the irrigating fluid can be used as a tracer of absorption. The blood glucose concentration could be measured easily at the bedside in the same way as serum sodium, if irrigating fluid absorption is suspected. This study comprises two different trials. The first part (clinical study) investigated whether changes in serum glucose concentration provide the same information as serum sodium during TURP. The second trial (experimental study) was performed on healthy volunteers and aimed to create a nomogram for the correlation between the irrigating fluid volume and the increase in serum glucose concentration. The glucose was added to acetated Ringer's solution instead of 0.9% NaCl because the composition of Ringer's is more similar to the extracellular fluid volume.
METHODS

Procedure and Measurements
In the clinical study, monopolar TURP was performed on 250 patients aged between 48 and 96 (mean 74) yr and with a body weight of 55-135 (mean 79) kg at Southmead and Torbay Hospitals in the United Kingdom. The fasting patients consented to be randomized to receive either 1.5% glycine or 5% glucose in water as the irrigation fluid. Diabetics were not excluded. Blood samples were taken just before and 5 min after the end of each operation for serum glucose and sodium concentration measurements, which were performed by the in-hospital routine clinical chemistry laboratory. Other collected data have been reported by Collins et al. 14, 15 The experimental study comprised 10 healthy male volunteers, aged 20 -41 (mean 30) yr and with a body weight of 72-111 (mean 85) kg. After institutional approval by the Ethics Committee of Human Research in Stockholm, the volunteers were enrolled in the study after giving informed written consent. All the experiments were performed at the Clinical Research Center at Sö dertälje Hospital in Sweden.
After a light breakfast at home, the volunteers were not allowed to eat or drink during the experiment. Before study initiation, the volunteers rested supine for 20 min to reach a hemodynamic steady state. A cannula was introduced into the antecubital vein of each arm for infusion and drawing of blood samples, respectively. Acetated Ringer's solution, 20 mL/kg, to which 34.5 mL of glucose 300 mg/mL had been added to reach a concentration of 10 mg/mL (1%), was infused at a constant rate over 30 min. The rationale for decreasing the concentration to 1% was that 5% glucose, as indicated by the results of the clinical study, could increase plasma glucose to levels far above those that result in glucosuria, and thus seemed unnecessarily high.
Blood samples were collected at 5-, 10-, and 20-min intervals between 0 and 60 min, 60 and 100 min, and 100 and 160 min, respectively. Analyses (plasma glucose concentration, hemoglobin [Hgb], red blood cell count [RBC], mean corpuscular cell volume [MCV], and baseline hematocrit [Hct]) were performed by the hospital clinical chemistry laboratory. Additionally, plasma concentrations of sodium and potassium were analyzed at 0, 30, 60, and 160 min. Urine was collected during and immediately after the experiments and analyzed for the content of sodium, potassium, and glucose.
Monitoring comprised noninvasive arterial blood pressure and heart rate using an Omron HEM 722 C1-1 (Omron, Hamburg, Germany).
Calculations
The kinetics of the glucose infusion was studied to characterize how effectively the volunteers handled the glucose molecules and the accompanying water volume. Hence, the pharmacokinetics was analyzed using a onecompartment turnover model 16 in which the plasma concentration of glucose above baseline (C) at any time (t) resulting from the infusion rate k i is calculated by using the following differential equation:
where V d is the volume of distribution and CL is the glucose clearance. For the fluid volume, a one-volume kinetic model was used in which fluid infused at a rate k i expands a central body fluid space v, which strives to return to its baseline volume V by two mechanisms: first, elimination of fluid at a rate proportional by a constant k r to the dilution of V, i.e., the rate of elimination at any time was k r (v Ϫ V)/V and, second, a baseline loss (k b ) fixed to 0.5 mL/min to account for evaporation and basal diuresis, which occurs at a rate of approximately 700 mL/d in adults. 17 Thus, the parameter k r is a clearance constant.
The volume change in the central body fluid space (v) was then expressed as:
The dilution of the plasma was calculated based on the blood chemistry obtained at baseline (time 0) and at any later time (t). The principle is to convert hemodilution into plasma dilution based on the average of the Hgb and RBC dilutions because these are measured by different laboratory methods (photometry and laser beam dispersion, respectively). Hence, Plasma dilution ϭ 0.5 ͩ Hgb /Hgb (t) Ϫ 1
Before use, this expression was corrected for "iatrogenic" dilution resulting from the sampling (7 mL per sample) and also by the ratio MCV 0 /MCV(t) to account for changes in erythrocyte cell size. 18 Vol. 109, No. 6, December 2009 The best estimates and the associated standard deviation for the unknown parameters in these models, being V d and CL for exogenous glucose and V and k r for the infused fluid volume, were estimated for each of the 10 experiments individually by applying a nonlinear least squares regression routine based on a Gauss-Newton method to the analytical solutions of Eqs. 1 and 2 until no parameter changed by more than 0.0001 (0.01%) in each iteration. 16 -18 Predictions of the plasma glucose concentration over time for various theoretical infusion regimens were obtained by inserting the best estimates of V d and CL for the group into the mathematical solution to Eq. 1, using the same computer program (Matlab version 4.2, Math Works, Natick, MA) as the one used for analysis. Simulations included 60-min plots of early (first 30 min), late (last 30 min), and continuous absorption patterns. Volumes of up to 2000 mL were tested in steps of 250 mL for every possible combination of early, late, and continuous absorption. A nomogram was constructed based on the observation that the postsimulation glucose level decreased approximately 30% per 10 min.
Statistics
The data were normally distributed and thus results were expressed as the mean and standard deviation. Correlations were evaluated by linear regression analysis. P Ͻ 0.05 was considered statistically significant.
RESULTS
Clinical Study
There was a statistically significant linear relationship between the decrease in serum sodium concentration and the increase in serum glucose when 5% glucose in water was used as the irrigating solution ( Fig. 1, left) . For nondiabetic and diabetic patients, respectively, the coefficients of determination were 0.80 (P Ͻ 0.0001) and 0.92 (P Ͻ 0.0001) ( Fig. 1, right) .
Those patients who received 1.5% glycine but did not absorb the irrigating fluid, as evidenced by a change in serum sodium by no more than 1 mmol/L, had no significant change in serum glucose during monopolar TURP (mean 0.05 mmol/L, sd 0.65).
Experimental Study
Plasma glucose almost doubled during the experimental infusions and reached a maximum of 8.27 mmol/L (sd 0.95), while the plasma was diluted by 17.7% (3.2%) (Fig. 2) .
The excreted urine at the end of the experiments (160 min) had a volume of 1.14 (0.77) L, which represented 66% (37%) of the infused fluid volume. Serum electrolyte concentrations and the urinary excretion of electrolytes are shown in Table 1 . No glucosuria was found.
The hemodynamic variables changed mainly at the beginning of the infusion, averaging ϩ9% (systolic pressure), ϩ12% (diastolic pressure), and Ϫ7% (heart rate) ( Fig. 3) . No adverse reactions were seen during the experimental infusions. Table 2 .
Kinetic Analysis and Simulations
For exogenous glucose, the kinetic analyses showed that V d amounted to 15.52 L (sd 2.15) and CL to 0.56 L/min (0.15). For the infused water volume, the expandable body fluid space was 6.03 L (2.70) and k r 0.19 L/min (0.12) ( Table 2) .
A nomogram was successfully constructed and showed that, regardless of the simulated pattern of fluid absorption over 1 h, the uptake of 2 L of irrigating fluid containing 1% glucose would have increased plasma glucose by 6.9 (1.7) mmol/L at the end of the surgery (Fig. 4) . The corresponding increase for 1 L of irrigating fluid was 3.7 (1.6) mmol/L.
DISCUSSION
The results show that absorption of an irrigating fluid consisting of isotonic glucose during TURP increases the serum glucose concentration in inverse linear proportion to the reduction in serum sodium. The linearity included serum sodium changes from 0 to Ϫ20 mmol/L, which corresponds to absorption volumes of up to 3.5 L. 19 This finding was used in the experimental model where we assessed the potential usefulness of glucose as a tracer in bipolar transurethral surgery. In this new modification of TURP, serum sodium does not change in response to fluid absorption because the irrigating fluid contains electrolytes. The tracer was evaluated theoretically based on the kinetic data derived from the volunteers who were given an infusion of Ringer's acetate solution with 1% glucose. Subsequent simulations indicated that, regardless of the pattern of absorption during a 1-h operation, absorption of 1 and 2 L would increase the plasma glucose concentration by 3.7 and 6.9 mmol/L, respectively, followed by a decrease of 30% per 10 min.
The usefulness of glucose to detect fluid absorption can be judged only after considering the spontaneous variation of plasma glucose during TURP. The clinical trial supports that no consistent change in the glucose level occurs during TURP with no fluid absorption, 20,21 not even in diabetics. This can be understood from the minor endocrine response associated with this operation. 20 However, spontaneous variation might both increase and decrease glucose in an individual patient. When considering such variation, our data indicate that the existence of absorption can be detected with 95% confidence if the plasma glucose concentration increases by more than 1.4 mmol/L.
The kinetic method used to analyze the disposal of glucose is independent of the infused amount and infusion rate of glucose. 16 The clearance of glucose, 0.56 L/min, is similar to that found in previous volunteer experiments. 16 The kinetics of the infused fluid volume was analyzed according to a one-volume fluid space model, which is appropriate when elimination of the fluid is prompt. 17 The volume of distribution of the infused fluid volume is usually 6 L and probably represents the sum of the plasma volume and regions of the interstitial fluid space into which the plasma equilibrates rapidly. The one-volume kinetics of the water component of the acetated Ringer's solution was calculated to illustrate that the elimination of the tracer, glucose, is a faster process than the elimination of the fluid volume. However, in the present volunteer experiments their half lives (obtained as ln 2 ϫ V/CL) were fairly similar, averaging 19 and 22 min, respectively. On the other hand, the half life of Ringer's solution can be much longer during anesthesia and open surgery, and then, distribution of the infused fluid between two body fluid spaces can typically be discerned. 18 The classical TUR syndrome is induced by the absorption of electrolyte-free irrigating fluids, such as glycine, mannitol, and sorbitol. The syndrome includes neurological and circulatory systems symptoms and has been reported frequently. [1] [2] [3] Clinical studies of the statistical relationship between the symptoms and the volume of absorbed fluid are also available, but only for 1.5% glycine. 5, 7, 8 One of the proposed advantages of bipolar TURP is that it uses 0.9% NaCl for irrigation and, therefore, should not cause TUR syndrome. This claim, however, may be misleading. Problems associated with extremely rapid vascular overload, such as pulmonary edema, may still pose a hazard, 22 although the consequences of hyponatremia, such as brain edema and muscular twitches, may be prevented. Even in healthy volunteers, rapid infusion of Ringer's solution causes symptoms such as dyspnea and a sense of swelling. 17 Liberal administration of electrolyte-containing crystalloids during any surgery induces a risk of postoperative pulmonary edema, which might even be fatal. 23 This suggests the need for a readily available method by which one can determine clinically relevant fluid absorption in patients who have just undergone bipolar surgery.
Our experimental study used acetated Ringer's solution as the infusion fluid because it is more physiological than 0.9% NaCl. Studies in volunteers and patients have shown more advantageous characteristics of Ringer's solution when compared with 0.9% NaCl. 24 -28 These differences relate to the incidence of nausea, abdominal discomfort, splanchnic perfusion, metabolic acidosis, and urinary excretion. Indeed, studies in both patients 25 and volunteers 28, 29 showed that 0.9% NaCl was eliminated much more slowly than Ringer's solution. All these comparisons suggest that Ringer's solution should be preferred for irrigation during bipolar surgery. It should be noted, however, that up to this point there is no clinical experience with glucose that is added to 0.9% NaCl.
There may be theoretical objections to the use of Ringer's acetate solution with 1% glucose. A high plasma glucose may aggravate the brain injury that occurs in response to cardiac arrest or stroke. 30 However, the glucose level in the studies pointing out this consequence was significantly higher, at least to a level well above the limit for osmotic diuresis. 31 Another issue is osmolality-induced redistribution of body fluid. Ringer's solution is slightly hypoosmotic thus favoring the development of mild brain edema. The addition of glucose to the solution increases the osmolality to approximately 330 mosmol/kg, but the hyperosmotic property is lost when the glucose is metabolized. On the other hand, the natriuresis in response to Ringer's solution is smaller than the water excretion 32 ; in our experiments, the excreted amount of sodium was 89 mmol, while 205 mmol had been infused (Ringer's solution contains 130 mmol/L). As the serum sodium concentration was virtually the same at end of the study as before it started, simple mass balance calculations 32 indicate that the retained sodium must have bound more water than the retained 400 mL of infused fluid in the extracellular fluid space, and this volume can only have been derived from the intracellular fluid space. Hence, there is no evidence that Ringer's solution with 1% glucose caused intracellular edema but rather that the opposite was the case.
The available methods for measuring fluid absorption have different goals. Ethanol and nitrous oxide monitoring are designed to foresee and prevent major absorption, whereas serum sodium and glucose are thought to be postoperative control measures to confirm or refute a suspected absorption.
Limitations of this study that include a TURP procedure with fluid absorption or major blood loss shows a metabolic stress response, which is not the case for TURP without these complications. 20 Insulin resistance might also be more common in the elderly. This means that the plasma glucose level would be increased slightly higher during a clinical TURP with fluid absorption than in the present volunteer experiments. In our clinical study, no apparent effect of diabetes mellitus was found on the degree of hyperglycemia induced by 5% glucose (Fig. 1,  right) . This is probably due to the fact that fluid absorption usually occurs during the latter half or at the very end of the surgery 4 ; this allows little time for differences in the half life of glucose to affect the plasma glucose level. However, the absorbed fluid volume is likely to be progressively more overestimated by our nomogram if sampling of plasma glucose is delayed after the end of TURP (Fig. 3 ). We advise further evaluation of the glucose method in patients with different severity of diabetes before it can be recommended in this patient population. Another issue to consider is a surgical duration longer than 60 min, which is the maximum duration recommended by most urologists. Continuous absorption throughout a TURP procedure is rare. 4 For such events, however, simulations up to 90 min (instead of 60 min) show that plasma glucose will still increase by Ͼ1.4 mmol/L for practically all patterns of fluid absorption (data not shown), although the absorbed volume will be less certain. In prolonged surgery, it might be prudent to measure plasma glucose at 60 min if there is any suspicion of fluid absorption. Time 0 in Figure 4 indicates the absorbed volume.
In conclusion, the use of an electrolyte-containing solution with 1% glucose for bladder irrigation during bipolar TURP is likely to detect clinically significant fluid absorption (Ͼ1 L) by measuring plasma glucose at least during the first 30 min of the postoperative period.
